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METHOD AND APPARATUS TO 
AUTOMATICALLY ENHANCE THE 
QUALITY OF DIGITAL IMAGES BY 

MEASURING GRAIN TRACE MAGNITUDES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t of US. Provisional 
Application Serial No. 60/150,148, ?led Aug. 20, 1999 by 
Albert Edgar, and entitled, “Method and Apparatus to Auto 
matically Enhance the Quality of Digital Images”. 

This application is related to US. Pat. No. 6,687,414, 
issued on Feb. 3, 2004 by Albert Edgar, entitled, “Method 
and System for NormaliZing a Plurality of Singles Having a 
Shared Component”. 

This application is related to US. application Ser. No. 
09/551,785, ?led on Apr. 18, 2000 by Albert Edgar, entitled, 
“Method and System for Enhancing Digital Images”. 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates to image processing and 
more speci?cally to the enhancement of digital images. 

BACKGROUND OF THE INVENTION 

Digital images, such as scanned photographic images, 
medical images, satellite images, etc. often contain undesir 
able noise components. For eXample, photographic ?lm, 
such as silver-halide ?lm, contains grains held on a 
substrate, such as silver-halide, as part of its physical 
makeup. The characteristics of these grains are a function of 
the type and format of the ?lm, With faster-speed and 
smaller-format ?lm typically exhibiting more graininess. It 
Will be understood by those skilled in the art, that silver 
halide ?lm refers to photographic ?lm that has used silver 
halide as the light-sensitive agent. In most eXisting silver 
halide ?lms, the developed silver is turned through coupling 
agents into a dye image, and the silver is Washed out of the 
?lm. HoWever, after the Wash such ?lms are still commonly 
called silver-halide ?lms, because their action is based on 
silver halide. 

Color ?lm generally comprises a blue layer, a green layer, 
a red layer, an antihalation layer, and a transparent substrate. 
In developed color ?lm, each of the blue, green, and red 
layers contain dyes that are used to represent blue, green, 
and red colors in the development process. These dyes 
couple to developed areas of the ?lm that correspond to 
developed silver grains. For each layer, the more silver 
grains that develop in any given area of the image, the 
greater Will be the resulting density of dye in that area. 

Grain siZes tend to vary randomly: certain grains are 
small, certain grains are large, and still other grains have 
siZes that are in betWeen. During the development process, 
the grains that Were eXposed to the most light are the ?rst to 
develop, and other grains develop as the development pro 
cess continues. Those areas in Which the most grains 
develop for a given layer Will have the greatest density of 
dye. Each layer of the ?lm has its oWn random and unique 
pattern of grain makeup, so that none of the patterns of the 
different layers are substantially alike. A positive ?lm or a 
print of an image Will also have a grain pattern. 

Because graininess may have a deleterious impact on the 
quality of a photographic image, it is conventional practice 
in photography to avoid graininess in photographic images 
as much as possible, for eXample by using ?lms With sloWer 
speeds and larger formats. Unfortunately, many situations 
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2 
eXist Where it is not possible to use these kinds of ?lm. Also, 
millions of ?lms With a high degree of graininess have 
already been processed over the last century. Furthermore, 
as ?lm ages it tends to decay physically, Which can cause 
distortions that affect its graininess and distort color. 

Digital images may be created by scanning negatives, 
transparencies, or printed photographic images. The quality 
of such a digital image depends in part on the characteristics 
of the ?lm image. For eXample, a digital image captured 
from a ?lm image Will often contain traces of the grains in 
the ?lm, Which comprise most of the “noise” or non-image 
deviations from image in the digital image. Digital images 
also often re?ect any distortions present in the ?lm itself. 
The higher the resolution of the scanning, the more grain 
traces and distortions Will be captured in the digital image. 
Many scanners modify colors and densities using gamma 

corrections that affect the perception of graininess. For 
eXample, a digital image produced by a scanner attempting 
to increase shadoW contrast to overcome image undereXpo 
sure Will produce an image With ampli?ed shadoW grain 
traces relative to highlight grain traces. For eXample, in the 
case of an image of a tree against the sky, the digital image 
may have areas of dark shadoWs that have more grain traces 
than areas of the bright sky. Similarly, the digital image may 
contain areas of loW-detail sky With large numbers of grain 
traces and areas of high-detail leaves With loW numbers of 
traces. In other Words, the range of values for grain traces in 
these digital images tends to ?uctuate Widely across inten 
sity. In addition, a scanner may blur, i.e. subdue the high 
frequency content, image detail or attempt to overcome this 
blurring by sharpening, i.e. boosting the high frequency 
content, image detail. In both cases the grain traces are 
affected in relation to frequency, along With the image. This 
kind of digital image can be called “un-normaliZed” With 
respect to grain traces, and it is also often visually displeas 
ing. This is because the human eye tends to focus on the 
areas in an image that have the highest amount of grain 
traces and to visually associate those same amounts to areas 
that actually have feWer grain traces. 

Although one can attempt to improve the quality of a 
scanned image, such improvements can often only be 
obtained through labor-intensive alterations, Which require a 
person of relatively high skill to subjectively determine What 
characteristics should be altered to improve the quality of 
the ?nal image. As a result, because each image may be 
individually operated upon, the improvement process is time 
consuming and improvement of a large number of images 
may be impractical. Accordingly, another method of enhanc 
ing digital images is needed that can enhance a digital image 
automatically. 

SUMMARY OF THE INVENTION 

Brie?y summariZed, one aspect of the invention is a 
method of automatically enhancing a digital image. The 
magnitudes of grain traces are measured in at least tWo 
segments in the digital negative and the digital negative is 
enhanced using the magnitudes of the grain traces measured 
in the at least tWo segments. 
The invention has several important technical advantages. 

Various embodiments of the invention may have none, one, 
some, or all of these advantages as Well as additional 
advantages. The invention can be used to automatically 
enhance a digital image With respect to grain traces (noise). 
Such enhancement may be desirable for use With scanned 
photographic images. The invention alloWs automatic cal 
culation of correction arrays for the digital image to correct 
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uneven grain trace distribution With respect to intensity and 
frequency. Such arrays may be useful to normalize the grain 
traces in relation to pixel intensities and/or frequency. Once 
grain traces have been normalized, the invention alloWs 
reduction of the grain to a level chosen automatically or by 
a user of the invention, as desired. In addition the normaliZed 
grain trace data may be used to balance the digital image’s 
color channels. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present inven 
tion and the advantages thereof, reference is noW made to 
the folloWing descriptions taken in conjunction With the 
accompanying draWings in Which: 

FIG. 1 illustrates a block diagram of a general purpose 
computer that may be used in accordance With the present 
invention; 

FIG. 2 illustrates an example of a scanner that comprises 
an embodiment of the present invention; 

FIG. 3 illustrates a How chart describing the enhancement 
of a digital image in accordance With one method of the 
present invention; 

FIG. 4 illustrates a How chart describing one method of 
measuring grain traces in relation to pixel intensities in 
accordance With the present invention; 

FIG. 5 illustrates an image divided into segments; 

FIG. 6 illustrates the plotting by Weight, average intensity, 
and grain strength for the red channel information for one 
segment of a digital image; 

FIG. 7 illustrates a scatter plot for one color channel of a 
digital image; 

FIG. 8 illustrates a line draWn through a scatter plot for 
one color channel of the digital image using a curve ?tting 
algorithm; 

FIG. 9 illustrates a line draWn through a scatter plot for the 
red information of a digital image; 

FIG. 10 illustrates a How chart describing one method 
employed to measure grain traces in relation to frequency in 
accordance With the invention; 

FIG. 11 illustrates a scatter plot for one color channel of 
a digital image; 

FIG. 12 illustrates a line draWn through a scatter plot for 
one color channel of a digital image; 

FIG. 13 illustrates the grain traces in one line of pixels 
from a normaliZed digital image, With the changes in pixel 
intensity plotted spatially; 

FIG. 14 illustrates the frequency magnitudes of grain 
traces plotted against the frequencies in a digital image 
normaliZed across intensities; 

FIG. 15 illustrates the frequency magnitudes of grain 
traces plotted against the frequencies in a digital image 
normaliZed across intensities and frequencies; 

FIG. 16 illustrates a How chart describing an example of 
a method for removing high frequency noise, such as grain 
traces from a digital image; 

FIG. 17 illustrates a How chart describing an example of 
a method for removing high frequency noise, such as grain 
traces from a digital image; 

FIG. 18 illustrates one method of representing tWo 
dimensional Fourier transforms in connection With the 
invention; 

FIG. 19 illustrates a How chart describing the steps of an 
example process that may be used to normaliZe a plurality of 
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4 
signals having a shared component Wherein at least one of 
the plurality of signals has been distorted in a nonlinear Way; 

FIG. 20 illustrates a How chart describing an example of 
a process that may be used to enhance a digital image in 
accordance With the invention; and 

FIG. 21 illustrates examples of three scatter plots that may 
be used in connection With the process illustrated in FIG. 19 
or FIG. 20. 

DETAILED DESCRIPTION OF THE DRAWINGS 

The preferred embodiment of the present invention and its 
advantages are best understood by referring to FIGS. 1 
through 15 of the draWings, like numerals being used for like 
and corresponding parts of the various draWings. 

FIG. 1 illustrates a general purpose computer 10 that may 
be used for image enhancement in accordance With the 
present invention. Speci?cally, general purpose computer 10 
may comprise a portion of an image enhancement system 
and may be used to execute applications comprising image 
enhancement softWare. General purpose computer 10 may 
be adapted to execute any of the Well knoWn MS-DOS, 
PC-DOS, OS2, UNIX, MAC-OS and WindoWs operating 
systems or other operating systems. General purpose com 
puter 10 comprises processor 12, random access memory 
(RAM) 14, read only memory (ROM) 16, mouse 18, key 
board 20, and input/output devices such as printer 24, disk 
drives 22, display 26, and communications link 28. The 
present invention includes programs that may be stored in 
RAM 14, ROM 16, or disk drives 22 and may be executed 
by processor 12. Communications link 28 is connected to a 
computer netWork but could be connected to a telephone 
line, an antenna, a gateWay, or any other type of communi 
cation link. Disk drive 22 may include a variety of types of 
storage media such as, for example, ?oppy disk drives, hard 
disk drives, CD-ROM drives, or magnetic tape drives. 
Although this embodiment employs a plurality of disk drives 
22, a single disk drive 22 could be used Without departing 
from the scope of the invention. FIG. 1 only provides one 
example of a computer that may be used With the invention. 
The invention could be used on computers other than 
general purpose computers as Well as general purpose com 
puters Without conventional operating systems. 

General purpose computer 10 further comprises scanner 
30 that may be used to scan images that are to be enhanced 
in accordance With the teachings of the invention. In this 
embodiment, enhancement may be performed by softWare 
stored and executed by scanner 30 With the results stored in 
a storage medium comprising a part of scanner 30 and/or in 
any of the storage devices of general purpose computer 10. 
Alternatively, softWare for image enhancement may be 
stored in any of the storage media associated With general 
purpose computer 10 and may be executed by processor 12 
to enhance images scanned by scanner 30. In addition, 
image enhancement could occur both internally Within scan 
ner 30 and in general purpose computer 10 as described 
Without departing from the scope of the invention. Scanner 
30 may comprise a ?lm scanner or a ?atbed scanner of any 
type Without departing from the scope of the invention. 

FIG. 2 illustrates an exemplary scanner 34 constructed in 
accordance With the invention. Scanner 34 comprises pro 
cessor 36, storage medium 38 and scanning hardWare 40. 
Processor 36 controls the operation of scanning hardWare 40 
by executing control softWare 44 stored in storage medium 
38. Although a single storage medium has been illustrated 
for simplicity, storage medium 38 may comprise multiple 
storage mediums as Well as comprising storage mediums of 
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different types. Thus, for example, control software 44 may 
be stored in ROM memory, RAM memory, or on a disk 
drive. Scanning hardWare 40 is used to convert an analog 
image into a digital image utiliZing some type of optical 
circuitry. Any type of optical circuitry could be used for 
scanning hardWare 40 Without departing from the scope of 
the invention. After scanning hardWare 40 has scanned an 
image, that image may be enhanced in accordance With the 
invention using image processing softWare 42, Which is 
stored in storage medium 38. Similarly, the scanned image 
may be stored in storage medium 38 as may the enhanced 
image. Alternatively, scanner 34 may not have any image 
processing softWare 42. Such softWare instead may be 
provided on general purpose computer 10 for enhancement 
of an image received from scanner 34. Accordingly, a 
scanned image and/or an enhanced scanned image may be 
provided by scanner 34 to the general purpose computer 10 
through a communications port (not explicitly shoWn). 
Although one embodiment of an exemplary scanner 34 that 
may be used for image enhancement in connection With the 
invention has been illustrated, other scanners may be used 
Without departing from the scope of the invention. 

FIG. 3 illustrates a ?oWchart describing a method 
employed by one embodiment of the present invention to 
enhance a digital image. The steps described herein may be 
carried out using computer softWare, as can the steps of any 
of the processes described beloW. That softWare, as dis 
cussed above, may be executed by scanner 34 or general 
purpose computer 10. A digital image received from other 
than scanner 30 may be enhanced in accordance With the 
invention. In step 1002, a digital image’s grain traces are 
measured in relation to pixel intensities. Grain traces are 
measured in relation to frequency in step 1004. In step 1006, 
correction arrays are calculated. The correction arrays are 
used to normaliZe the digital image’s grain traces in relation 
to intensities, in step 1008, and then to normaliZe the grain 
traces in relation to frequency, in step 1010. The normaliZed 
grain trace data may be used to suppress grain traces in step 
1012. In addition, the pixel intensity values obtained by 
normaliZing grain traces can be used to balance these pixel 
intensities across the color channels, as noted in step 1014. 
Some of these steps could be omitted or other steps included 
Without departing from the scope of the invention. 

Although the invention may be used for digital images 
created from photographic images, it may also be used to 
normaliZe high frequency noise, such as grain traces in other 
types of images, such as satellite images, medical images, 
etc. The discussion beloW addresses normaliZation of both 
monochrome and color images. For color images, the pro 
cess described beloW may be used or the process described 
for monochrome images may be used on each individual 
channel of the color image. Alternatively, the monochrome 
process may be used on a subset of channels With the color 
process used on remaining channels. Similar options apply 
to non-photographic digital images. 

Measuring Grain Traces in Relation to Intensity 

The invention includes a method to measure grain traces 
in relation to pixel intensities. FIG. 4 shoWs the steps 
involved in this method. All calculations in this application 
related to this and other methods may be performed using 
general purpose computer 10, scanner 34, or a combination 
of one of these devices in cooperation With other devices. 
The digital image may be divided into segments in step 
1102, folloWed by a transform, such as a Fourier transform, 
in step 1104, and the removal of the loW and mid frequency 
terms in step 1106. Various formulae may then be used to 
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6 
calculate the grain strength (a value representing the devia 
tion in magnitudes of pixel intensities resulting from grain 
traces) of each segment, in each color channel, in step 1108. 
To help verify these grain strengths, a separate formula may 
be used to calculate a “Weight” value for each segment in 
each color channel, in step 1110. Next, scatter plots may be 
created dependent upon Weight value, DC (direct current, 
conventionally meaning the average of a signal), and grain 
strength for each color channel, in step 1112. Lines may be 
draWn through the scatter plots using a curve-?tting algo 
rithm to shoW the appropriate grain strength for each pixel 
intensity, in step 1114. 
Segmenting 

In step 1102, the digital image is divided into segments of 
data, each segment corresponding to a spatial area of the 
digital image. Segmentation may be applied to each channel 
of the digital image, or to the single channel in the case of 
a monochrome image. A representation of this division, 
presented in FIG. 5, shoWs multiple segments, such as 
segment 1202. Although any segment siZe could be used, the 
area of each segment advantageously may be large enough 
to contain a statistically signi?cant number of pixels, such as 
betWeen 16 and 1024 pixels, but not so large as to contain 
areas of the image that contain many substantially different 
intensities (in an image siZe of 2000 by 3000 pixels). 
Segments containing 256 (a 16x16 segment) different pixels 
may provide a good compromise betWeen being large 
enough to provide enough data, but not being too large, and, 
therefore, having too many different intensity components 
Within a single segment for an image on the order of 2000 
pixels by 3000 pixels. Using this method, about 24K non 
overlapping segments Will typically be formed for a single 
35 mm negative (or transparency). Any image siZe or any 
segment siZe may be used Without departing from the scope 
of the invention. 

FIG. 5 shoWs these segments as squares, but they can have 
other shapes Without departing from the invention. Different 
segments also need not have the same shape or siZe, 
although for ease of processing it may be useful to make 
them uniform. In a speci?c embodiment, the number of 
segments as Well as their shapes and siZes can be de?ned by 
changes in the image connected With frequency, intensity, or 
frequency content. Also note that segments can be over 
lapped and WindoWed as described in “Image Block Win 
doWed Blending,” US. patent application Ser. No. 09/247, 
264, ?led Feb. 10, 1999, Which is incorporated by reference 
as if fully set forth herein. 
Fourier Transform 

Having segmented the digital image, a Fourier transform 
is performed on the pixel intensity values for each segment, 
in each color channel (or in the single monochrome 
channel), as shoWn in step 1104 of FIG. 4. The data that 
forms the digital image contains intensity values for each 
pixel in the image, arranged spatially for each color channel. 
Intensity refers to a pixel’s brightness. For example, a White 
pixel has greater intensity values than a gray or black pixel. 
The same spatial area of different color channels typically 
have different pixel intensity values. 
The Fourier transform converts the pixel intensity values 

for each segment from the spatial domain to the frequency 
domain. One of the values that a Fourier transform calcu 
lates is the average intensity, or “DC,” of each segment, for 
each color channel. Another value that the Fourier transform 
calculates is the frequency and magnitude of vertical and 
horiZontal frequency vectors for each frequency element 
Within each segment, for each color channel. Although this 
embodiment uses a Fourier transform, other types of trans 
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forms could be used to transform a signal from the spatial 
domain to the frequency domain, such as a Hadamard 
transform; Furthermore, the frequency transform space may 
be subdivided using high-pass ?lters. 
Removing LoW & Mid Frequencies 

Next, in step 1106 of FIG. 4, the loW and mid frequency 
terms of each transform may be removed from further 
consideration. Alternatively, these terms could be damped, 
or this step omitted, Without departing from the scope of the 
invention. In this embodiment each segment of each color 
channel (or of the single channel of a monochrome image) 
receives this removal Within a range useful for a particular 
embodiment of the invention. Grain traces that have pre 
dominantly high frequency are easiest to measure and dif 
ferentiate from image information. Because the physical 
grains in photographic ?lm tend to be small and randomly 
placed, grain traces exist approximately equally in all fre 
quencies before scanning, but there is generally less image 
content at higher frequencies. To give the best discrimina 
tion of grain traces over image detail, a focus on high 
frequencies is desirable. 

In this embodiment, a 16x16 segment is used. Again, 
other segment siZes could be used Without departing from 
the scope of the invention. To ?lter out loW and mid range 
frequencies, one may, for example, ?lter out all frequencies 
Where the sum of the absolute values of the x-frequency and 
y-frequency positions are less than or equal to 8. 
Alternatively, if the frequency vectors are arranged as on 
FIG. 18, a suitable radius around the DC value can be 
chosen, for example 

Frequencies inside this radius may be removed. Another 
radius or method of ?ltering can be used Without departing 
from the scope of the invention. 
Calculating Grain Strength 

Next, in step 1108 of FIG. 4, cross-correlation formulas 
may be used to calculate the grain strength of each segment. 
In the case of a monochrome digital image, cross-correlation 
formulas are not used as only one channel exists. For color 
images and monochrome images, the calculations use the 
frequency vectors of the digital image obtained from the 
Fourier transform, after the removal of the loW and mid 
frequency terms. 

To understand these calculations, an explanation of a 
digital image Will be useful. The total information that 
comprises a segment is made up of the information for each 
pixel of each color channel. For example, in a typical 
three-color digital image the total information for a segment 
is a combination of the information from the red, green, and 
blue channels. The term “color channel” is used for conve 
nience and the image channels do not necessarily have to be 
color channels. The invention may be applied to image 
channels of a digital image even if such channels are not 
representative of a color. In this embodiment, the channels 
represent the three color channels of a photographic image. 

The red information, meaning here the red frequency 
vectors, can be represented by Formula 1. For purposes of 
this patent, a bold letter represents a complex vector, Which 
by convention can be considered to have a real and imagi 
nary component or alternately a magnitude and phase com 
ponent. 

In Formula 1, R represents the combined signals of each 
pixel in a segment recorded through the red channel. R5 is 
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8 
that part of the segment’s red information that is from the 
image signal itself. Rn is the part from the “noise,” Which 
can effectively considered to be grain traces. 

Similarly, the green information and the blue information 
are: 

Given that only R, G, and B can be measured, estimates are 
calculated for R”, G”, and B”. Similarly, an estimate is 
calculated for the noise component of a monochrome image 
channel. 

Because the grain patterns are different in each color layer 
of the original ?lm, one can reasonably assume that the grain 
traces, effectively the noise, in a segment of a digital image 
are uncorrelated across the color channels. In other Words, 
the intensity values from the noise portion of the signal in a 
segment Will tend to be different in each color channel. On 
the other hand, the intensity values from the image portion 
of the signal in a segment tend to be similar in each color 
channel, and thus are correlated. Such correlation may 
logically result from the principle that the luminance com 
ponent of natural images is often stronger than the color 
components. 

Thus the cross-correlations betWeen colors may be used 
as a predictor of the ratio mix of RS and Rn, comprising R. 
Avery Weak cross-correlation implies that the signal is very 
close to Zero, and thus 

On the other hand, a strong cross-correlation implies that 
the Rs component predominates over Rn, so that 

Thus, a reasonable estimate of the noise can be made: 

estimated R=F(cross-correlation)-R (6) 

In Formula 6, F(cross-correlation) approaches 0 as cross 
correlation approaches auto-correlation, i.e. perfect cross 
correlation, and approaches 1 as cross-correlation 
approaches 0. 

Thus, the cross-correlation among image channels may be 
used to derive an improved estimate of R”, given R. 
HoWever, in the presence of a strong signal, that estimate 
may become less reliable. Hence, a second use of the 
cross-correlation is to derive an estimate of this reliability, 
and subsequently a “Weight” governing hoW much to count 
the estimate of Rn in averages With other segments. 
The measurement of cross correlations betWeen the infor 

mation from tWo color channels, such as the red and green 
channels, can thus be expressed algebraically: 

In Formula 7, RG indicates the cross correlation of the 
information about a segment from the red and green chan 
nels. It is accomplished by complex multiplication of the 
segment’s frequency values from the red channel by those 
from the green channel, frequency by frequency for each 
non-DC frequency term remaining after the loW and mid 
range frequencies have been removed. For example, the 
frequency vector for frequency location 1 in the red channel 
is multiplied by the frequency vector for frequency location 
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1 in the green channel. In a separate calculation, the fre 
quency vector for frequency location 2 in the red channel is 
multiplied by the frequency vector for frequency location 2 
in the green channel, and so on. Note that these are vector 
multiplications or “dot products” of tWo vectors and there 
fore represent the correlation, including vector direction, of 
the tWo vectors. The products of these individual calcula 
tions are summed. 

Formula 7 also shoWs that, over large areas of the digital 
image, the values RnGS, GSRn, and RnGn do not correlate. 
Their products are sometimes randomly positive and some 
times randomly negative, and so have a small impact on the 
?nal sum. Their average tends toWard Zero. Finally, Formula 
7 shoWs that, frequency by frequency, the total, correlated 
red and green information for a segment roughly equals the 
correlated red and green image-signal values. In the same 
Way, BR=BSRS and BG=BSGS. 

The cross-correlations among the color channels for each 
segment, frequency location by frequency location, may be 
calculated using Formulas 8—10. 

BR=RB=ER'B for entire segment (8) 

(9) 

(10) 

Thus, the cross correlation for a particular segment betWeen 
tWo color channels comprises a sum of the dot products of 
the frequency domain vectors (after removal of loW and mid 
range frequency terms) at corresponding frequencies. 

Next, the grain strength may be measured for each seg 
ment in each color channel. Grain strength is the number of 
traces left from the grains in the original ?lm. Segments With 
a large number of grain traces have a high grain strength. 
The red grain strength (Rgs) for a segment can be calculated 
as folloWs: 

RG=GR=EG'R for entire segment 

BG=GB=EG'B for entire segment 

That is, the red grain strength in a segment equals the sum 
of the absolute value of its red noise values, Which in turn 
is equal to the sum of the square root of the red noise values 
squared. 

The folloWing estimate, based on empirical research may 
be used: 

vrTnavR-Rn (12) 

Note that the square root is used to minimiZe the impact of 
occasional strong noise. This estimate may be used for the 
other color channels as Well, or for the single channel of a 
monochrome image. 

Since Rn=R—RS, the formula for the red channel’s grain 
strength can be given as folloWs: 

Note that for a given segment of R, as RS increases and Rn 
decreases, the value for “R—RS” approaches Zero, and there 
fore R g5 approaches Zero. Conversely, as Rn increases and RS 
decreases, the value for “R—RS” increases, and therefore Rgs 
increases. 

The formulas for the grain strengths of the green and blue 
channels can be given in the same Way: 

An analogous formula may be used for the single channel of 
a monochrome image. 

10 

15 

25 

35 

40 

45 

55 

65 

10 
Some of the image signal from each color channel exists 

in the image signals from the other color channels. For 
example, some of the red image signal (RS) exists in both the 
green image signal (GS) and the blue image signal (BS) Some 
of the green image signal (GS) exists in both the red (RS) and 
the blue (BS) image signals, and some of the blue image 
signal (BS) exists in both the red (RS) and the green (GS) 
image signals. 
The folloWing constant values, are useful for identi 

fying grain strength as described beloW: 
KRG is the amount of the red image signal in the green 

image signal. 
KGR is the amount of the green image signal in the red 

image signal. 
KRB is the amount of the red image signal in the blue 

image signal. 
KGB is the amount of the green image signal in the blue 

image signal. 
KER is the amount of the blue image signal in the red 

image signal. 
KEG is the amount of the blue image signal in the green 

image signal. 
Based on empirical research, estimates for the value of 

each color’s image signal, based on these constant values 
and on the frequency magnitudes of input signal and noise 
information may be made. In one implementation, the 
estimates for the red, green, and blue signals are 

Rsal/zKRcGP/zKRBB (16) 

GSQVZKGBBP/ZKGRR (17) 

In Formulas 16—18, R is the set of red frequency vectors 
for a segment, G is the set of green frequency vectors, and 
B is the set of blue frequency vectors. These values have 
already been obtained from the Fourier transform. As before, 
the loW and mid frequencies have been removed. 

To solve for the red grain strength (Rgs) then, the formula 
is 

RgSEEWR-TJEEVWE (19) 

To solve for the green and blue grain strengths, the 
formulas are 

Another set of estimates may be used to solve for the 
constant values by using the previously calculated 
cross-correlations (see Formulas 8—10). For example, KRG 
may be estimated as folloWs: 

RG-RB (22) 

K R, BC I RG-RB-BR BR 
RC = _ = i = i = _ 

G, GB_GR BG-GB-GR BG 

BR 

Solving in the same Way, the other K values are 

K GB (23) 
CR — E 
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K GR (24) 
RB — 

K _ BG (25) 
BR — 

K GR (26) 
GB — 

K BR (27) 
BC — 

Using the values. that have been obtained, the grain 
strength in each segment can noW be calculated for each 
color, using the frequency vectors obtained from the Fourier 
transforms, With the loW and mid frequencies removed (R, 
G, and B in these formulas). 

For example, the present invention estimates the red grain 
strength through the folloWing series of equations and 
estimates: 

(11) 

The formulas for estimating the green grain strength and 
the blue grain strength are 

In each case, the summation is over each frequency in the 
spatial frequency domain. 

For monochrome images, the grain strength for each 
segment is estimated by summing the square root of the dot 
product of each frequency vector With itself after removal of 
loW and mid-frequencies. 
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Calculating Segment Weights 
Having estimated the grain strength according to one set 

of calculations, a second set of formulas may be used to 
determine a “Weight” value for each segment, for each color 
channel, as shoWn in step 1110 of FIG. 4. Again, the 
frequency vectors obtained from the Fourier transforms With 
the loW and mid frequencies removed may be used. The 
Weight value provides a con?dence level that the calculated 
grain strength (noise) is actually a measurement of grain 
traces and not of image detail. 

To calculate the Weight value, Formulas 8—10 may be 
used. In addition, the folloWing formulas for the total of the 
frequency vector values for each segment may be used. 
These formulas (Which are a measure of auto correlation) 
sum the dot products of the frequency vectors With them 
selves for all the frequency locations Within a segment. 
Separate sums are found for each color channel. 

RR=2R-R (32) 

GG=2G-G (33) 

BB=2BB (34) 

In each case, R, G, and B represent the Fourier transform of 
a segment With loW and mid range frequencies removed. 

Using the results obtained from Formulas 8—10 and 
32—34, a Weight value for each segment may be calculated 
according to the folloWing formula: 

_ RG + RB + GB 
weight: 1.0 — i 

RR + CG + BB 

Formula 35 is useful because the same frequency values 
of different colors from the image portion of a segment are 
more similar among the color channels than are those from 
grain traces. The grain traces recorded from each color 
channel have separate patterns in a digital image, as 
explained earlier in this application, and so have different 
sets of frequency values. On the other hand, the image tends 
to be similar across the color channels, and consequently has 
similar frequency values in each color channel. 

For example, in a segment composed entirely of image 
signals, the combined value of the cross-correlations in the 
numerator of the Weight value equation Will roughly equal 
the combined value of the auto-correlations in the denomi 
nator. The Weight value of that segment Will thus tend 
toWard 1.0—the square root of 1, or ?nally 0. 

HoWever, a segment composed entirely of grain trace 
signals Will have a Weight value that tends toWard 1.0—0, or 
?nally 1.0. This is because the combined value of the 
cross-correlations in the numerator Will be much smaller 
than the combined value of the auto-correlations in the 
denominator. 

Consequently, the more the content of a segment is 
composed of image signals, the more the Weight value Will 
approach 0. The more the content of a segment is composed 
of grain traces (noise), the more the Weight value Will 
approach 1. 

For monochrome images, the Weight is generally set to a 
?xed value such as one. 

Plotting by Weight, DC, and Grain Strength 
Having performed these calculations, the Weight values 

for each segment may be plotted in three graphs for the 
Whole image, one for each color channel, as shoWn in step 
1112 of FIG. 4. To clarify, one graph may be plotted for each 
color channel for the image, not one graph per segment. 

(35) 
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Each segment in the digital image is represented on the plot 
according to its grain strength and DC, (Which is the average 
intensity value for the segment obtained through the Fourier 
transform). In addition, the plotted point for each segment is 
assigned that segment’s Weight value. The result is a scatter 
plot Where the X-aXis represents average intensity, the y-aXis 
represents grain strength and the magnitude of a particular 
point on the scatter plot comprises the Weight value. For a 
monochrome image, a single scatter plot may be generated, 
consistent With the modi?ed formulas for grain strength and 
Weight described above. 

FIG. 6 illustrates the plotting for the red channel infor 
mation about one segment in a digital image. The y-aXis 
represents grain strength. The X-aXis represents average 
intensity. Point 1502 is the point for the segment’s red grain 
strength and red average intensity. The eXpanded vieW 1504 
of point 1502 illustrates the Weight value (WV) for that 
segment. 

In the same Way, a point for the segment is plotted 
separately for the green channel on a green scatter plot and 
for the blue channel on a blue scatter plot. After plotting the 
data for an image’s segments, the result is three scatter plots, 
one for each color channel. FIG. 7 illustrates a scatter plot 
for a digital image’s segments recorded through one color 
channel, for eXample the red channel. Similar scatter plots 
Would shoW the results for the green and blue channels, or 
for the single channel of a monochrome image. 
DraWing Lines for Estimated Grain Strength 

Once the scatter plots have been created, curve-?tting 
techniques may be used to draW lines through the haZe of 
points, for each color channel (or for the single channel of 
a monochrome image), as noted in step 1114 of FIG. 4. 
Weight values assigned to each point position may in?uence 
the eXact position of these lines, With larger Weight values 
pulling the lines in their direction. FIG. 8 illustrates the line 
1702 draWn through a scatter plot for one color channel, for 
eXample the red channel. The curve represents grain strength 
plotted versus density. Although curve ?tting Will be dis 
cussed beloW, any curve ?tting technique could be used 
Without departing from the scope of the invention. In 
addition, varying techniques could be used for different 
color channels. 

These lines can be used subsequently to determine a 
useful measurement of the estimated grain strength of any 
piXel in the digital image for a particular color channel in 
response to that piXel’s intensity value in the particular color 
channel. This measurement can be used in various Ways to 
make the digital image more visually pleasing. 

The assumption that image information eXists in all three 
channels holds most of the time. But brightly colored areas 
of a digital image may contain areas With strong image but 
small correlations betWeen colors, resulting therefore in 
occasional strong points that lie Well outside of the average 
range. To achieve a desirable ?t for estimated grain strength, 
the curve-?tting technique may take into account the occa 
sional strong points and not let the curve be distorted by 
them. For eXample, it can use a median average of the points, 
or it can ?nd a prototype of the best ?t. It could also do a ?rst 
prototype of the best ?t, suppress the strong points that lie 
above tWice the prototype line, and then do a second best ?t 
on the modi?ed data. For such strong points, there is a high 
probability that they represent image detail rather than noise 
so suppressing these points may produce a more accurate 
curve. Such a best ?t operation could be performed multiple 
times until no points are discarded. In this embodiment, a 
median average technique is used. 

FIG. 9 shoWs the line 1802 draWn for the red information 
of a digital image. This line 1802 may be the same curve or 
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14 
proportional to the curve generated in connection With the 
scatter plots, such as line 1702 of FIG. 8. Note that here the 
X-aXis represents piXel intensity value, not the average piXel 
intensity over an entire segment used previously. For a piXel 
With the intensity shoWn at point 1804, the estimated grain 
strength is at point 1806. In other Words, although curve 
1702 Was derived from a scatter plot based upon average 
intensity, curve 1802 (Which may be the same as curve 1702) 
can be used to provide an estimate of a piXel’s grain strength, 
given its intensity. 

Measuring Grain Strength in Relation to Frequency 

After completing the measurements of grain traces, grain 
strength may be measured in relation to frequency, for each 
color channel (or for the single channel of a monochrome 
image), as shoWn in step 1004 of FIG. 3. Frequency content 
refers to image detail. Segments With a higher degree of 
image detail have more content at all frequencies. 

For example, consider an image of a tree surrounded by 
sky and rising from an eXpanse of grass. The grass portion 
of the image, With its many blades and shades of color, has 
mostly high energy in all frequencies, ie a large frequency 
content. Much of the high energy may be high frequency 
content. On the other hand, the sky portion, Which lacks 
image detail has very little high frequency content arising 
from the image. Thus, any measured high frequency content 
can thus be assumed to arise primarily from grain detail. 

To measure grain strength in relation to frequency, the 
steps illustrated in FIG. 10 are carried out. In step 2002, the 
digital image is segmented a second time and a second 
Fourier transform is performed in step 2004, although alter 
nately the results of the ?rst segmenting and the ?rst Fourier 
transform could be used. If neW calculations are made, 
different segment siZe, shape, and overlap options could be 
used (such options are described above) as could different 
types of transforms (again, such options are described 
above). In step 2006, scatter plots With ?tted curves are 
created to identify the estimated grain strength in relation to 
frequency. Next, in step 2008 the magnitude divided by the 
estimated grain strength is plotted based upon the grain 
strength vs. intensity function just derived, in relation to 
frequency values for each segment. In step 2010, lines for 
identifying grain traces in relation to frequency are draWn. 
Segmenting 
When measuring grain strength in relation to frequency, 

the digital image may be divided into segments in step 2002, 
using any of the techniques and options discussed above for 
step 1102 of FIG. 4. 
Fourier Transform 

In step 2004, a second transform is performed on the piXel 
intensity values for each segment, in each color channel (or 
in the single channel of a monochrome image), using any of 
the techniques and options discussed above in connection 
With step 1104 of FIG. 4. HoWever, the range of loW and mid 
frequency terms are not removed from the results, as shoWn 
previously in step 1106 in FIG. 4. 
Identifying Estimated Grain Strength in Relation to Fre 
quency 

Using the DC (average intensity) values obtained in the 
second Fourier transform, the estimated grain strength in 
relation to frequency may be identi?ed for each segment, in 
each color channel (or in the single channel of a mono 
chrome image), as indicated in step 2006. The lines draWn 
(such as lines 1702 and 1802) previously through the scatter 
plots for each color channel (or for the single channel of a 
monochrome image) may be employed for this purpose. For 
each segment, the DC (average intensity) value from the 
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second Fourier transform may be used to locate a point on 
the x-axis for intensity values of the curve, and thus to ?nd, 
the estimated grain strength on the y-axis. 

For example, if a segment has a DC value equivalent to 
the value at point 1808 in FIG. 9, its estimated grain strength 
Would be the value at point 1810 on line 1802. Thus, each 
frequency in a segment is deemed to have an estimated grain 
strength derived from the average intensity of the segment. 
Plotting M/GS by Frequency 

After identifying the estimated grain strengths in relation 
to frequency, the magnitudes at each frequency, for each 
segment, in each color channel (or in the single channel of 
a monochrome image), may be divided by the estimated 
grain strength of each segment, in each color channel (or in 
the single channel of a monochrome image), in step 2008 of 
FIG. 10. The magnitudes at each frequency are those deter 
mined by the Fourier transform in step 2004. 
NeW scatter plots may then be created, one plot for each 

color channel (or one for a monochrome image). The y-axis 
of the scatter plots represent, for the channel in question, the 
values of the magnitudes at each frequency of each segment, 
divided by the estimated grain strength for that segment. The 
x-axis of the scatter plots represent, for the channel in 
question, the frequency values Which are present in the 
digital image. Thus, a point Will be plotted on the scatter plot 
for each frequency of each segment in the image. In the 
example above, 289 frequencies Were present so the neW 
scatter plot for that example Would have 2895 plotted points 
Where S represents the number of segments. There are no 
Weight values attached to points in this scatter plot, except 
for the number of points plotted in the same location. To 
clarify, each point has Weight one, but if a second point is to 
be plotted in the same location, the existing point may be 
assigned a Weight of tWo. Alternatively, a list of points can 
simply be maintained containing both points. 

FIG. 11 illustrates such a scatter plot for one color 
channel. The loWer “haze” of points represents those seg 
ments that have been segregated by the above Weighting to 
have a high probability of representing primarily grain 
strength and not image signal. Those points removed from 
the haZe have a high probability of representing image 
signal. 
DraWing Lines for Identifying Grain Traces in Relation to 
Frequency 

Next, a line may be draWn through all the points in the 
loWer haZe in each scatter plot, using any curve-?tting 
algorithm, as shoWn in step 2010 in FIG. 10. In this 
embodiment, a median average type of algorithm is used. 
When draWing this line, the spurious higher plot points 
outside the haZe may be ignored, so as not to distort the 
results. To do this, the folloWing “Weight” formula for each 
point may be used, Where y is a point’s value on the y-axis: 

1 (36) 

Any other suitable Weighting could be used Without depart 
ing from the scope of the invention. FIG. 12 shoWs a line 
2202 draWn through the haZe for one color channel as an 
example. Note that spurious high points 2204 and 2206 are 
ignored When draWing the line. Also, it may be advanta 
geous to only use the mid and high frequency plot points to 
determine the line. That Way, strong loW frequency content 
Will not adversely effect the estimated DC. 

Calculating Correction Arrays 
A correction array may then be calculated for each color 

channel, as shoWn in step 1006 of FIG. 3. 
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Finding the DC Terms Estimated by the Plots 

To calculate the correction arrays, the lines draWn through 
the scatter plots in step 2010 (FIG. 10) are used to calculate 
an estimated DC (EDC) value in each color channel (or in 
the single. channel of a monochrome image). For example, 
FIG. 12 shoWs that the EDC value indicated by point 2208 
on line 2202. In this example, then, the three scatter plots 
provide an estimated DC value for the red, green, and blue 
channels. 
Calculating Arrays 

After determining the EDC values, an array is calculated 
for each color channel (or for the single channel of a 
monochrome image), using Formula 37, Where covers 
the range of pixel intensity values: 

1 (37) 

One array is calculated per channel, using the estimated DC 
values obtained from the curves calculated in step 2010 and 
the estimated grain strength for each intensity obtained from 
the curves calculated in step 1114. 
Calculating Correction Arrays 
The array values may be used to calculate a correction 

array, for each channel (or the single monochrome channel). 
Formula 38 may be used to calculate this array. 

X (array[n — l] + array[n]) (38) 
correction[x] : Z 2 

NormaliZing Grain Traces in Relation to Intensity 

After calculating the correction arrays, the digital image’s 
grain traces can then be normaliZed in relation to intensities, 
as shoWn in step 1008 of FIG. 3. The values obtained 
through the correction arrays may be applied to the digital 
image’s data to achieve normaliZation. Every pixel intensity 
value “x” in the digital image may be replaced by the value 
in the correction [X], for each color channel (or for the single 
channel of a monochrome image). This process causes the 
grain traces in the digital image to have approximately the 
same visual impact across the grayscale of each channel, 
Which makes the digital image more visually pleasing. For 
example, it Will be more pleasing When displayed as a 
positive on a typical monitor With a gamma of about 2. 

FIG. 13 is a graphic representation of the grain traces in 
one line of pixels from a normaliZed digital image, With the 
changes in pixel intensity plotted spatially. Note that the 
range of pixel intensities is uniform throughout, and does not 
?uctuate considerably the Way the pixel intensities do in an 
un-normaliZed digital image. The ?uctuation at point 2302 
in FIG. 23 is about the same as the one at point 2304. 

NormaliZing Grain Traces in Relation to Frequency 

The digital image’s grain traces may noW be normaliZed 
in relation to frequency, as shoWn in step 1010 of FIG. 3. 
After the correction arrays have been applied, another fre 
quency transform may be performed in order to transform 
each channel (or of the single channel) of the intensity 
normaliZed image from the time domain to the frequency 
domain. Alternatively, the correction arrays could be trans 
lated into a frequency domain function for application to the 
original spatial frequency domain representation of the 
image. In this embodiment, the correction arrays are applied 
in the time domain and transforms are performed on each 
channel to carry out the frequency normaliZation process 
about to be described. 
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FIG. 14 is a 2D plot that graphically represents magni 
tudes plotted against the frequencies in a digital image after 
the software has normalized grain traces across intensities. 
Note that the average (DC) value 2402 is 1.0. 

To normaliZe grain traces across frequencies, the softWare 
multiples each magnitude (M) of each frequency, in each 
segment, by a factor The factor indicates hoW much the 
line 2404 draWn through the scatter plot deviates from 1.0. 

l.0 

Mline(F) 
39 

deviation factorfF) : ( ) 

An actual plot of the deviation factors Would shoW a 
frequency boost curve, Which is the inverse of line 2404 in 
FIG. 14. Note that the phase is unaffected and preserved. 

FIG. 15 is a 2D plot that graphically represents the 
frequency magnitudes plotted against the frequencies in a 
digital image after the softWare has carried out the multi 
plication by the deviation factor. A line 2502 draWn through 
this plot by conventional methods shoWs that the magnitudes 
of the grain traces are roughly the same for areas of high and 
loW frequency. They do not ?uctuate Widely, as they do in 
an un-normaliZed digital image. 

Suppressing Grain Traces 

After calculating the correction arrays, the normaliZed 
values obtained through the correction arrays may be used to 
suppress the grain traces in the digital image, as shoWn in 
step 1012 of FIG. 3. Other methods of grain suppression 
may be used Without departing from the teachings of the 
invention, such as a second method described beloW. 

In digital image normalization according to the above 
teachings, the grain strength in each segment, in each color 
channel, and in each frequency band has been adjusted so 
that the magnitude component is 1.0, as shoWn in FIG. 15. 
The phase is unaffected. Therefore, the magnitude of a 
component is a strong indicator that segregates grain traces 
(noise) from image detail Wherein 1.0 is a Watershed quan 
tity. A magnitude above 1.0 has a high likelihood of arising 
from image detail, and a magnitude beloW 1.0 has a high 
likelihood of arising from grain traces. Therefore, to sup 
press grain traces in a digital image it is desirable to suppress 
components With magnitudes approaching and beloW 1.0. 
On the other hand, components With magnitudes above 1.0 
can be taken to represent image detail and should not be 
suppressed. 

This is in contrast to un-normaliZed digital image in 
Which the Watershed quantity betWeen grain traces (noise) 
and image varies With intensity and frequency, making 
precise segregation of grain traces and image nearly impos 
sible. As stated earlier, the image can be normaliZed, or data 
describing the distribution of noise With intensity and fre 
quency could be included With an un-normaliZed image to 
guide grain reduction Without departing from the scope of 
this invention. 

To suppress grain traces, the folloWing method may be 
applied to the magnitudes (M) of each frequency in the 
normaliZed digital image segment: 

For each segment in the normaliZed digital image 
Retain original phase information 

For each M in the segment (excluding the DC term) 
If (M<=0.5) 

else 
Suppression Factor=1.0—e_(M_O'5) 
M=M*Suppression Factor 

This formula suppresses frequencies With normaliZed 
magnitudes at or beloW 0.5, by substituting 0 for their 
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values. Because some grain traces Will have normaliZed 
magnitudes slightly above 0.5, the formula may also use a 
suppression factor to substitute loWer magnitudes for those 
values. The suppression factor reduces frequency values 
With a higher normaliZed magnitude less, since these values 
tend to correspond to image details. 
The example above has a digital image normaliZed by 

dividing each element by the knoWn grain strength as a 
function of frequency and intensity and then applying a 
reduction With a Watershed ?xed at 1.0. An equivalent 
method Would be to apply grain reduction With a Watershed 
point equal to the expected noise as a function of frequency 
and intensity directly to the un-normaliZed component. To 
do this, one Would use the grain suppression method listed 
above, but substitute M With M‘ in the suppression factor, 
Where 

M 

_ expected grain traces 
/ 

Other Ways of suppressing grain traces are possible, 
advantageously using the normaliZed values from the cor 
rection arrays. For example, image enhancement softWare 
such as PHOTOSHOPTM can be used manually With the 
normaliZed values, though such softWare requires extensive 
user feedback to ?nd the proper levels of suppression for 
grain traces. 

Another method of suppressing grain traces that may 
suppress some or substantially all of the grain of an image, 
automatically or at the user’s option, is noW described. 

FIG. 16 illustrates a flow chart describing a method for 
removing high frequency noise, such as grain traces, from a 
digital image. The process pictured in FIG. 16 may be 
applied to one or more channels of the digital image or, to 
the single channel of the digital image if the digital image 
only has one channel. For an image With multiple channels, 
the process described by FIG. 16 could be applied to a subset 
of the total channels Without departing from the scope of the 
invention. Similarly, the process described in FIG. 16 could 
be applied differently to each of a plurality of channels in a 
multichannel digital image Without departing from the scope 
of the invention. 

In step 1610, the noise for a particular image channel is 
normaliZed. The noise may be normaliZed using the process 
described above or through any other process. Alternatively, 
although it is desirable to normaliZe the noise before con 
ducting the remainder of the process described by FIG. 16, 
the process could be applied to an un-normaliZed digital 
image. 
The process described by FIG. 16 may be applied to a 

digital image that has had high frequency noise such as grain 
traces normaliZed to a magnitude of one in all frequencies. 
If the grain has been normaliZed to some value other than 
one, then the intensity values for the image channel may be 
scaled to one before applying the remaining steps of the 
process described by FIG. 16. For example, if the grain Was 
normaliZed to a magnitude of 100 in all frequencies, then 
each frequency magnitude could be divided by 100 after 
performing step 1612 and before performing other steps. In 
a more complicated example, if each frequency has been 
normaliZed for grain or other high frequency noise to a 
unique value, then the appropriate value may be divided out 
before the remainder of the processing begins. This division 
Would also occur after the transforms that occur in step 
1612. 
The process illustrated by FIG. 16 as noted above, may be 

used for an image having a single channel or multiple 



US 6,792,162 B1 
19 

channels. Where multiple channels are present, the process 
described by FIG. 16 can be used. Alternatively, a re?ned 
process that takes advantage of the relationship among the 
channels can be used. Such a process is described in 
connection With FIG. 17 beloW. 

The description of FIG. 16 assumes that the process is 
applied to a single channel, M‘, Where M‘ represents spatially 
ordered intensity values for each pixel of a digital image. For 
multichannel images, multiple such channels Will exist. 

In step 1612, a plurality of segments of the image channel 
are transformed from the spatial domain to the frequency 
domain. Such segmentation and transformation may occur 
according to the methods described above in connection 
With noise normaliZation. Any method of segmenting the 
image can be used and any transform from the spatial 
domain to the frequency domain can be used. In this 
embodiment, a segment siZe of 16 pixels by 16 pixels has 
been chosen. Other segment siZes could be chosen Without 
departing from the scope of the invention. In addition, as 
described above, the segments could overlap Without depart 
ing from the scope of the invention. Similarly, other segment 
shapes and segment siZes could be used Without departing 
from the scope of the invention. 

For a particular segment, the resulting transform may be 
referred to as M‘T. As noted above, such a transform 
generally comprises a series of tWo-dimensional vectors 
Where one component of the vector represents the magnitude 
of a particular frequency component While the second com 
ponent of the vector represents the phase at that particular 
frequency. In this embodiment, the vectors of each transform 
may be conveniently arranged in tWo Ways to ease the 
mathematical description of the process performed in FIG. 
16. FIG. 18 illustrates these tWo Ways of organiZation. 

In FIG. 18, the vectors are arranged in a 17x17 matrix. 
The DC frequency term is placed in the center of the matrix 
and assigned coordinates of (0,0). In addition, as noted in 
FIG. 18, this vector is also assigned an index of 144. This 
index is used When the frequency vectors are arranged in a 
one-dimensional array of vectors. In the one-dimensional 
array, the DC vector is at index 144. In the tWo-dimensional 
array, the frequency vectors are located at an index corre 
sponding to the appropriate change in frequency and in the 
X and y directions at that location. In the one-dimensional 
array, the ?rst frequency vector at index 0 of the one 
dimensional array is that vector appearing in the upper left 
hand corner (coordinates —8,—8) of the tWo-dimensional 
array illustrated in FIG. 18. The placement of the vectors in 
the one-dimensional array continues in numerical order if 
the tWo-dimensional array is read from left to right across 
the ?rst roW folloWed by left to right across the second roW 
and so on until the last roW. This arrangement is indicated in 
FIG. 18 by the bracketed one-dimensional array indices that 
are listed along With the tWo-dimensional array coordinates 
for a particular frequency vector. 

In step 1614, the transforms of each segment obtained in 
step 1612 may be ?ltered. Alternatively, this step may be 
omitted Without departing from the scope of the invention. 
For convenience and consistency With the process described 
in connection With FIG. 17, the transform obtained in step 
1612 may be referred to as M‘T2. This transform may be 
?ltered in such a Way so as to emphasiZe signal content and 
attenuate noise in the image. A loW-pass ?lter may advan 
tageously be used for this step in the process. A matched 
?lter tends to give smooth attenuation and a reduction in 
random noise. Thus, although any loW-pass ?lter could be 
used, a match ?lter may be a desirable one to use to pull up 
the valid signal present Within the transform and to suppress 

15 

25 

35 

40 

45 

55 

65 

20 
the noise present Within the transform. An RMS calculation 
may be used to further accentuate the valid signal. The 
?ltering operation tends to preserve strong variations in 
frequency and suppress small variations in frequency. In 
other Words, strong frequency components Which most 
likely represent valid signal are accentuated. 

In this embodiment, the ?lter comprises a 3x3 matrix 
having a value of 4 at the center, a value of 2 at the points 
horiZontally and vertically above and beloW the center, and 
a value of 1 on the 4 corners of the matrix. Other siZes of 
?lters and other ?lter values can be used Without departing 
from the scope of the invention. If W(a,b) represents the 
?lter just described, then the ?ltered transform M‘T3 may be 
calculated according to formula 40. 

As noted, the DC term is set to 0 for the ?ltered transform. 
In addition, elements beyond the edge of the transform are 
treated as having a value of 0. This treatment is not explicitly 
noted in the formula. The ?ltering operation affects only the 
magnitude of the frequency vectors. The phase of the 
frequency vectors remain unchanged. In formula 40, the 
tWo-dimensional representation of the transform Was used 
for the calculation. For purposes of notation, the fact that the 
magnitude of the transform Was used is indicated by the fact 
that ordinary letters (as opposed to bold letters) Were used in 
formula 40 for the transforms M‘T2 and M‘T3. This notation 
Will be used consistently in describing FIGS. 16 and 17. 
Where a vector operation is performed, bold letters Will be 
used for the particular transform in question. 

In step 1616, the ?ltered transforms of each segment may 
be frequency spread. Alternatively, if step 1614 Was omitted, 
then the original transforms obtained in step 1612 may be 
frequency spread in step 1616. Step 1616 may also be 
omitted Without departing from the scope of the invention. 

Because the real World is composed of similar repeating 
patterns, the transform space of a photographic image tends 
to have the same appearance for any magni?cation around 
the DC frequency except for the presence of reproduction 
artifacts. For repetitive patterns, the frequency characteris 
tics of an image generally tend to repeat themselves at a 
poWer of 2. In this step, the frequency characteristics at 
loWer frequencies are used to pre-sensitiZe threshold details 
at tWice the frequency. 
To perform such frequency spreading, if one uses the 

tWo-dimensional version of the transform depicted in FIG. 
18, then the center half of the transform data is expanded 
into the full siZe block of transform data. In other Words, the 
center 9><9 block of frequencies is spread into every other 
position in the 17x17 transform. Where a frequency is not 
?lled-in explicitly in the remainder of the transform, the 
average of neighboring frequencies may be used. Again, this 
operation affects only the frequency magnitudes. 

After the frequency spread ?ltered transform has been 
obtained, a neW transform may be calculated in step 1618 
dependent upon the frequency spread transform and the 
?ltered transform that Was obtained in step 1614. 
Alternatively, if step 1614 Was omitted, this neW transform 
may be dependent upon the frequency spread transform and 
the transform originally obtained in step 1612. Formula 41 
may be used to calculate the neW transform, M‘T4. 
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M’T4[X]=\/(O.SM'T3[X]W (41) 

In formula 41, the transform M‘ET represents the estimated 
transform obtained by frequency spreading. Again, this 
operation affects only the magnitude of the frequency vec 
tors. 

In step 1620, a mask may be created to cause the damping 
of high frequency terms of the transform obtained in step 
1618. Because grain traces tend to have mainly high fre 
quency components, the mask may be used to damp grain 
traces and/or other high frequency noise. 

The mask may be obtained using the gating function 
represented by formula 42. 

x2 + y2 (42) 

64 
FgmAX, y) : 

Formula 42 is based upon the tWo-dimensional representa 
tion of the Fourier transform as illustrated in FIG. 18. The 
X and y terms in formula 42 correspond to the coordinates of 
particular frequency vectors in the transform When it is 
arranged in a tWo-dimensional matrix as illustrated in FIG. 
18. Thus, the gating function approaches the square root of 
2 for high frequencies and 0 for loW frequencies. The mask 
may then be calculated using formula 43 Where B(x,y) 
comprises the mask in x,y again refers to the coordinates in 
the tWo-dimensional transform as illustrated in FIG. 18. 

gate >04 (43) 

In this implementation, the mask function is designed to 
have a minimum value of 0.6. Other mask functions may be 
used Without departing from the scope of the invention. In 
addition, this step could be omitted Without departing from 
the scope of the invention. 

In step 1622, a noise correction function may be calcu 
lated for each segment. In this embodiment, the noise 
correction function is calculated in response to the mask and 
one of the frequency domain representations of the image 
that Was previously calculated. For example, the transform 
M‘T4 obtained in step 1618 may be used to obtain the noise 
correction function. The noise correction function may be 
obtained using formulas 44 and 45. 

(44) 
C(X, y) = C S 1+ FgmAX, y) 

In formula 44, the noise correction function is capped at a 
value of 1 plus the gating function for a particular position 
in the transform matrix. Again, formulas 44 and 45 affect 
only the magnitude components of the frequency vectors. 
The user of the invention may desire a residue of graininess 
to remain after enhancement of the image in accordance 
With the invention. Thus, the invention alloWs the user to 
specify a grain residue GR that he Wishes to remain after the 
image has been enhanced. Formula 45 takes into account the 
desired residual grain in calculating the noise correction 
function M‘TM. 

In step 1624, the noise correction function for each 
segment is applied to the original transform for that segment. 
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The result is a frequency domain representation of the image 
With high frequency noise such as grain traces suppressed. 
The grain suppressed frequency representation may be 
obtained using formula 46. 

M’TS[x]=M’1Ix]M’TM[x] 
Formula 46 produces a series of vectors comprising the 
product of the MT series of vectors and corresponding 
scalar values in M‘TM. 

In step 1626, the inverse transform of the noise corrected 
transform M‘TS may be taken for each segment to obtain the 
spatial domain representation of the enhanced image that has 
had the noise suppressed. 

FIG. 17 illustrates a How chart describing a method for 
removing high frequency noise, such as grain traces, from a 
digital image. The process pictured in FIG. 17 may be 
applied to digital images With multiple channels. If a digital 
image only has a single channel, then the process described 
in connection With FIG. 16 is more desirable to use. One 
could also use the process described in FIG. 17 for some of 
a plurality of channels of the digital image While applying 
the process described in connection With FIG. 16 to others 
of the plurality of channels. 
The process described in connection With FIG. 17 may be 

applied to any multichannel digital image Without departing 
from the scope of the invention. Examples include digital 
image representations of color photographs (either a print, 
negative, or transparency), digital images received from 
satellites, and medical images. These are only examples, 
hoWever, of the many potential uses for the invention. The 
invention is useful for the removal of un-correlated high 
frequency noise from digital images such as that produced 
by grain traces. 

In step 1710, the noise of each image channel is normal 
iZed. The noise may be normaliZed using the process 
described above or through any other process. Alternatively, 
although it is desirable to normaliZe the noise before con 
ducting the remainder of the process described by FIG. 17, 
the process could be applied to an un-normaliZed digital 
image. 
The process described by FIG. 17 may be applied to a 

digital image that has had high frequency noise, such as 
grain traces, normaliZed to a magnitude of 1 in all frequen 
cies. If the grain has been normaliZed to some value other 
than 1, then the intensity values for the image channel may 
be scaled to 1 before applying the remaining steps of the 
process described by FIG. 17. For example, if the grain Was 
normaliZed to a magnitude of 100 in all frequencies, then 
each frequency magnitude could be divided by 100 after 
performing step 1712 and before performing other steps. In 
a more complicated example, if each frequency has been 
normaliZed for grain or other high frequency noise to a 
unique value, then the appropriate value may be divided out 
before the remainder of the processing begins. This division 
Would also occur after the transforms that occur is step 1712. 

The process illustrated by FIG. 17 takes advantage of the 
relationship among multiple channels of a digital image. For 
convenience, the process illustrated in FIG. 17 Will be 
described beloW in connection With a digital image repre 
senting a color photographic image. Such digital images 
typically have three channels—a red channel, a green chan 
nel and a blue channel. To extend the process described by 
FIG. 17 to an image With more channels, the cross 
correlation functions that are computed beloW may desirably 
be extended to take into account all useful cross 
correlations. Similarly, if FIG. 17 is to be applied to a dual 
channel digital image, then the cross-correlations described 
beloW may be adjusted to take into account only those tWo 
channels. 

(46) 


























